This paper gives an overview of the finite element modelling of spot welds for the analysis of the dynamic response of structures. In particular models for dynamic analysis that use coarse meshes and equivalent parameters are considered. A major requirement for these models is their accuracy in predicting the dynamic behaviour of spot welded structures despite the low number of degrees of freedom. Three different models of spot welds are investigated [1-3] and for each model physical parameters have to be assigned based on engineering insight. The aim of the present paper is to improve the accuracy of these three models by searching for the optimum values of the parameters characterising the spot weld models using experimental data. For this purpose a benchmark structure has been analysed, consisting of a thin walled hat section beam made of two plates welded together by twenty spot welds. The predicted natural frequencies and modes of the benchmark structure have been compared to the experimental modes. Updating of the finite element models has been performed and the accuracy of the three models has been significantly improved.
INTRODUCTION
Although many finite elements models of spot welds exist in literature [4] [5] [6] [7] [8] [9] [10] , few of them use a sufficiently coarse mesh or are easy to use to be suitable for simulations of large spot welded structures. A very detailed mesh of a large number of spot welds would require an overwhelming computational effort in practical examples such as automobile bodies, where the number of spot welds is of the order of thousands.
A major requirement of coarse spot weld models is their ability to reproduce the effect of the spot weld in the rest of the structure. In particular, for the dynamic analysis of spot welded structures, the models should be able to accurately predict the modes of the structure. In addition to accuracy, the models should be simple to implement. In particular, the spot weld model should be created without the necessity of remeshing the plates that are joined together.
In this paper three spot weld models have been analysed [1] [2] [3] . They are, as far as the authors are aware, the only models in the literature that do not require the upper and lower plates to be meshed congruently. The aim of this paper is to improve the accuracy that these models predict the dynamic behaviour of spot welded structures by determining the optimum values of the parameters that characterise the welds. For this purpose a benchmark structure has been analysed, namely a thin walled beam consisting of a hat section plate and a flat plate welded together by twenty spot welds. Before analysing the welded structure, the finite element (FE) models of the two plates have been updated separately by minimising the error between the predicted and experimental natural frequencies. These validated models of the plates have then been used for the benchmark structure, where only the parameters that describe the spot welds have been updated. All three FE models have been updated in this way, to find the optimum value of the physical parameters that characterise them.
BENCHMARK STRUCTURE
The structure used as a benchmark for the analysis is shown in Figs. 1-3. It consists of two plates, one flat and one bent, joined together by twenty spot welds, to produce a hat section beam. This structure represents a very simplified model of the columns used in the construction of automotive bodies. The dimensions are as follows:
• Plates thickness 1. 
FE MODELS
Three models of spot welds have been analysed. The first, proposed by Heiserer et al. [1] and known as the ACM2 model, is shown in Fig. 4 . It consists of a brick element connecting the upper and lower plates via RBE3 elements available in NASTRAN. Fig. 4 . The ACM2 spot weld model. The RBE3 element is a tool for distributing applied loads in a model. Forces and moments applied to reference points are distributed to a set of independent degrees of freedom based on the RBE3 geometry and local weight factors.
REB3 elements
The second model, proposed by Fang et al. [2] , is implemented in the NASTRAN CWELD element. A sketch of the CWELD element is given in Fig. 5 . The CWELD element is modelled with a special shear flexible beam-type element with two nodes, GA and GB, and twelve degrees of freedom (six for each node). Each node of the beam is connected to a selected set of nodes on the corresponding plate or shell. For example, in Fig. 5 node GA is connected to the shell nodes GA1, GA2 and GA3 belonging to the upper plate. The portions of the plate delimited by the nodes GAi and GBi are called "patches" (the word "patch" refers to both the ACM2 and SA models and is defined as the group of shell elements connected to the element that simulates the welded spot). The degrees of freedom of the spot weld end point GA are constrained as follows: the 3 translational and 3 rotational degrees of freedom are connected to the 3 translational degrees of freedom of each node GAi with constraints from Kirchoff shell theory. Thus
,
These 6 equations are written in the local tangent system of the surface patch at point GA. The two tangent directions are x and y, and the normal direction is z. N i are the shape functions of the surface patch; ξ A and η A are the normalized coordinates of GA; u, v, w, are the displacements; and θ x , θ y , θ z are the rotations in the local tangent system at GA. The third model, proposed by Salvini et al. [3] , is sketched in Fig.  6 , and will be called the SA model here. It is an improvement of the so called umbrella model, from which it differs by the introduction of rigid connections that stiffen the joint. The spot weld is modelled with a beam element with 6 degrees of freedom per node. Each node of the beam is connected to the chosen shell nodes of the two plates by rigid connections and other beam elements.
For the rest of the structure NASTRAN CQUAD4 shell elements have been used. rigid connection Fig. 6 . SA model of spot welds.
UPDATING OF THE PLATES ALONE
The experimental modal analysis of the hat and base plates was performed by hammer testing with free-free boundary conditions. Two fixed accelerometers and thirty impact locations were used for the base plate and four fixed accelerometers and ninety impact locations were used for the hat plate.
NASTRAN FE code was used to perform model updating [11] [12] [13] [14] [15] . The process consists of a structural optimisation in which the design variables are taken to be the parameters to be updated and the objective function is defined as ( )
where,
• ω i is the i-th computed natural frequency.
is the value of j-th parameter at each iteration.
is the initial value of the j-th parameter.
• W fi is a weight assigned to the i-th natural frequency.
• W pj is a weight assigned to the j-th parameter.
• n is the number of measured frequencies.
• m is the number of parameters used. express the knowledge that some parameters are more likely to be in error than others. The choice of the weight to assign to each parameter is based on engineering judgement of the likelihood that the parameter is different to the assigned initial value. In the updating of plates, all weights have been set to unity, while in the updating of spot welds the first natural frequency has twice the weight of the other natural frequencies.
Several combinations of parameters were tried to update both the upper and lower plates. Eventually, the only parameter used for updating the base plate was the Young's modulus, E. Young's modulus should be regarded as an equivalent parameter and will also account for differences in thickness, for example. The initial and updated values of Young's modulus and objective function are shown in Table 1 . The objective function, which represents the global error in the FE model, decreases by almost 96% of its initial value when the Young's modulus increases from 200 GPa to 210 GPa. Table 2 shows a comparison between experimental results, natural frequencies from the initial model and those from the updated model. As Young's modulus is a global stiffness parameter, any changes affected all of the frequencies by the same factor. The updated frequencies have errors of less than 1% their values while the initial errors reached more than 3%. Several sets of parameters were tried for model updating of the hat plate, and the best results were achieved using the following three parameters,
H represents a change in the height of the hat section: positive values mean a lower section. This also produces a slight increase in the angle between lateral walls and vertical direction. The use of this parameter leads to a great improvement in the FE model. Subsequently it was discovered that the real structure was manufactured with a lower section than expected, with a height of 36.3 mm rather than the 39.9 mm expected.
Another aspect to be considered is the reduction of thickness along the bends of the hat section due to the bending process (T). The shell element thickness in these bends has been shown to be a sensitive parameter. To avoid problems of ill-conditioning, and to keep the number of parameters as low as possible, one single thickness has been assigned to all of the four bends. The mean value of the measured thickness has been used for all of the structure except the bends. This parameter is also an equivalent parameter, and will account for residual stress effects and slight geometry errors near the bends.
A parameter that takes into account the overall stiffness of the structure is also needed. Young's modulus was chosen for this purpose, despite the fact that base plate and hat plate are made out of the same material, which would suggest the Young's modulus should be fixed at its updated value in the base plate. This choice is justified by the fact that Young's modulus is an equivalent parameter that also accounts for a series of other characteristics of the structure that affect its global stiffness, such as warping of the bent sheets or residual stresses.
The initial and updated values of the parameters and objective function are shown in Table 3 . The objective function varies almost two orders of magnitude, with a drop in global error of 97%. The section height clearly moved towards its value in the real structure and the lateral wall inclination goes from 9.46º to 10.07º. The Young's modulus increases by more than 5%, meaning that some stiffening due to either warping or residual stresses from manufacturing process or other minor causes is present. The bend thickness drops by almost 15% representing the reduction of thickness (or equivalently stiffness) due to the bending process. Table 4 show a comparison between the experimental results, the natural frequencies of the initial model and those of the updated model. The model has substantially improved. The errors in the natural frequencies between the FE model and the experimental data reaches almost 10% for the initial model, while in the updated model almost all of the errors are under 1%.
SPOT WELD UPDATING
Experimental modal analysis of the welded structure was performed by a hammer test under free-free boundary conditions. Two fixed accelerometers and one hundred impact locations were used. The updated models of the base and hat plates have been used in the FE model of the welded structure. It has been assumed that the models of the plates do not need any further updating, and only parameters related to the spot welds have been selected for model updating of the benchmark structure. Several parameters have been tried for updating each of the three spot weld models analysed: namely the CWELD model, the ACM2 model and the SA model. The aim of the analysis is to suggest the best values of these parameters to use in modelling generic spot welded structures. The best value to assign to each parameter may not be the most intuitive one and little guidance is given in the literature to help in this task.
Several parameters have been considered as possible candidates to be used in the updating process of each of the three models analysed. Only some of them have been retained for updating. The main requirements for parameters to be selected as suitable for updating are:
• high sensitivity of the natural frequencies to the parameter,
• ease of definition in the NASTRAN input deck,
• physical meaning.
Most parameters are common to all the three models. For the SA model only, a supplementary parameter is defined. The common parameters are:
• shell thickness in the spot weld patch (PT) For the SA model the following additional parameter was considered:
• Young's modulus for the secondary beams (SBY)
Sensitivities of the natural frequencies to these parameters are shown in Table 5 . The values in the table represent the change in natural frequency due to 1% change in the parameters. PL and PW have similar effects and they can be substituted by PD, thus avoiding ill-conditioning in the updating process. Furthermore parameter PD is a good way of representing the dimension of the patch with a single number. Parameter PA is difficult to implement and can be substituted by PD which has a similar effect. The Young's modulus of the patch and spot weld, represented by parameters PY and SY, have a similar effect on stiffness as PT and SD. Even if PT and SD are more sensitive than PY and SY, it is better to consider only PY and SY because using thickness-like parameters at the spot welds, produces an unwelcome effect on the mass distribution in the structure.
For the SA model, parameters PT and SBY have a similar effect on the local stiffness. Between the two it is better to choose SBY for updating because it is a parameter of the SA model alone, and doesn't change the plates model locally.
The initial values of the parameters of the spot weld models have been chosen according to engineering judgement:
• PT was set equal to the nominal plates thickness: 1.5 mm;
• PY of the base plate was set equal to 210 GPa, and PY of the hat plate to 221 GPa; • PD was set equal to 9 mm, which is three quarters of the flanges width; • SY was set equal to the base plate Young's modulus: 210 GPa; • SD was set equal to 6 mm, which is the nominal diameter of the real spot weld;
• SBY was set equal to the base plate Young's modulus, with the secondary beams' diameter equal to the plates thickness, 1.5 mm.
The rigid element length in SA model is taken to be equal to the nominal spot weld diameter, 6 mm.
The updating of the CWELD model was carried out using the patch Young's modulus PY and the patch diameter PD. Tables 6 and 7 show the improvement of the model after updating. The error function reduced by 71.5% by increasing the patch diameter from 9 mm to 12 mm, which is the flange width, and by increasing the patch Young's modulus by 44% of their original values. The SA model was updated using the patch diameter PD and secondary beams' Young's modulus SBY. The results achieved are shown in Tables 8 and 9 . The patch diameter increased from 9 to 12 mm and the secondary beams' Young's modulus decreased by 12%, causing a reduction in the error of 49.6%. The updating of ACM2 model was performed using the patch Young's modulus PY. Decreasing its value by almost 50% leads to a reduction in the error of 45.8%. Tables 10 and 11 show these  results.  Tables 12-14 show the MAC values of the three models examined, for the updated configurations. All of the models show little mode cross-coupling, however modes 4 and 5 are interchanged in the ACM2 model. Figs. 7-16 show the first ten mode shapes of the benchmark structure from the updated CWELD model. There are four global modes and six local modes of the base plate. The global modes are: the first, which is a torsion mode, the third, which is a section shear mode, and the ninth and tenth, which are transverse and longitudinal bending modes.
From Tables 7, 9 and 11 it can be seen that in the above models the patch diameter after updating is set to the value of the flange width, which is the maximum value it can assume. If the flanges were larger, the patch diameter may have become larger, and it may be that the optimum value for the patch diameter is not 12 mm. Nevertheless, what emerges from these results is that, with a patch diameter of 12 mm and a spot weld diameter of 6 mm,
• using the CWELD model, the patch Young's modulus should be increased by approximately half of its value; • using the ACM2 model the patch Young's modulus should be decreased by approximately half of its value; • Using the SA model, the secondary beams' Young's modulus should be decreased by approximately 10% its value.
From Tables 6, 8 global modes of the structure, which are torsion, section twist, and transverse and longitudinal bending, are underestimated of around 2-4%. This may be due to several reasons. First of all it should be noticed that the response sensitivities to the parameters, shown in Table 5 , are such that global modes of the structure are much less sensitive to local spot weld parameters that local base plate modes are. Thus, it is difficult to update the global modes without a large variation in the local parameters, which would affect the local modes significantly. This will limit the accuracy to which the models are capable of representing the dynamic behaviour of the structure. Additional reasons for the slight discrepancy between the FE results and the experiments might be due to the way the individual plates are modelled, since the updated models of the hat and base plates will contain errors even after updated. Another possibility is the effect of residual stresses caused by the welding process.
To further investigate the quality of the updated models, two additional simple models [16] for spot welds have been considered, for comparison to the models described earlier. Here they are called:
• the BRICK model and
The first consists of a brick element that is connected directly to the plates, at nodes of the plate elements of the hat and base plates. The second consists of a single beam connected to the plates directly in the same way. This is only possible because the meshes of the base and hat plates are congruent. The parameters used for updating these two models were:
• Brick Young's modulus (BRY)
• Beam Young's modulus (BEY)
• Surrounding shell element Young's modulus (SSY)
The sensitivities of the natural frequencies to these parameters are too low to expect any significant improvement in the models. The BRICK model tends to significantly underestimate the natural frequencies of the structure. Nevertheless, while the first eight natural frequencies are underestimated of around 5%, the global bending modes represented by the 9th and 10th modes are underestimated by only around 1%, which means that they are "relatively" overestimated compared to the local base plate modes. Furthermore, using the BEAM model, the 1st natural frequency is highly overestimated compared to the experimental modes and relatively to the other natural frequencies. This means that according to the model that is used, global modes can be overestimated relatively to local modes. The behaviour of CWELD, SA and ACM2 models is similar because they are similar models, in the sense that they are "patch-like" models with similar ways of connecting the spot element to the rest of the structure. For this reason they all tend to slightly underestimate the global modes with respect to the local base modes. This behaviour appears to be caused by the finite element modelling of the spot welds rather than by the modelling of the plates.
Comparing the results from each of the five models it can be noticed that even if spot welds are small substructures, their influence on the behaviour of the welded structure is very important. A change in modelling spot welds affects greatly the prediction of the dynamic behaviour of a spot welded structure. Furthermore, even using the same model, changes in parameters values lead to significant variations in the dynamic response. This underlines the importance of updating of the spot weld models. The initial values of the parameters involved leads to an unsatisfactory simulation of the dynamic performance of the welded structure. The optimum value of some parameters can be significantly different from what physical intuition could suggest. The patch Young's modulus PY, for example, is not merely concerned with the patch itself, but with the overall stiffness around the spot weld. If the PY parameter is not changed appropriately then the structure is poorly simulated by the simple models CWELD and ACM2.
CONCLUSION
In this paper three models of spot welds have been analysed: CWELD, SA and ACM2. They are the state of the art models of spot welds for dynamic applications. Their main advantages over the other models present in the literature lie in the fact that they are coarse but accurate models and that they allow plates with non-congruent meshes to be joined. Model updating of the three models was performed, based on physical parameters of the spot welds. Attention has been focused, in particular on the patch size and patch Young's modulus, which are the parameters that most affect the behaviour of the models. The results achieved show that the patch diameter should be approximately double the spot weld diameter. Furthermore, using a patch diameter that is double the spot weld diameter, it has been shown that:
• for the CWELD model, the Young's modulus of the patches should be increased by approximately half, compared to its value in the rest of the structure; Table 5 . Natural frequencies sensitivities to the candidate spot weld parameters.
thickness, the secondary beam Young's modulus should be decreased by approximately 10, compared to its value in the rest of the structure.
It has been shown that the models updated in this way tend to underestimate the natural frequencies of the global modes of the benchmark structure by 2 to 4%, and to predict the local modes of the base plate with an error of around 1%. 
